Multiple subsets of FMS-like tyrosine kinase 3 ligand (FLT3L)-dependent dendritic cells (DCs) control T-cell tolerance and immunity. In mice, Batf3-dependent CD103 
Introduction
Dendritic cells (DCs) form a complex network of bone marrow (BM)-derived immune cells, which populate lymphoid and nonlymphoid tissues and balance tolerance and immunity. 1, 2 Two major types of FMS-like tyrosine kinase 3 ligand (FLT3L)-dependent DCs have been identified: conventional DCs (cDCs) and plasmacytoid DCs (pDCs). In mice, cDCs can be further subdivided into the related lymphoid tissue-resident CD8a 1 DCs and nonlymphoid tissue CD103 1 cDCs that lack CD8a and have low CD11b expression. 3 These cDC subsets have recently been unified across tissues and even species as CD8a-like cDCs with conserved developmental and functional properties. [4] [5] [6] [7] Similarly, a second, yet more heterogeneous, cDC group is formed by CD4
1 DCs and CD11b 1 DCs, which express high levels of signal regulatory protein a (SIRPa). 1 In analogy to CD8a-like cDCs, we hereafter call them CD11b-like cDCs. CD8a-like cDCs are excellent cross-presenters of cell-associated antigens. [8] [9] [10] Whereas CD8a 1 cDCs reside in lymphoid organs,
CD103
1 cDCs survey nonlymphoid tissues and migrate efficiently to lymph nodes during steady state and inflammation. Thus, CD103 1 cDCs represent an attractive target for vaccination against intracellular pathogens and tumors, or for tolerance induction.
Unfortunately, only very few CD103 1 DCs can be isolated from tissues to investigate their function. Large numbers of DCs can be differentiated from BM precursors (BM-derived DCs [BMDCs] ). The culture of BM cells with granulocyte macrophage colony-stimulating factor (GM-CSF) DCs (GM-DCs) generates DCs primarily resembling monocyte-derived DCs (Mo-DCs). 11 In contrast, culture with FLT3L (FL-DC) best reflects physiologic DC development, yet gives rise to a complex mixture of pDCs and cDCs, the latter including equivalents of CD8a-like cDCs and CD11b-like cDCs with poor enrichment for CD103
1 DCs. 1, 12 CD8a-like FL-DCs lack CD8a and SIRPa but are identified by CD24 and Clec9A expression. 10, 12 Notably, only a fraction of CD8a-like FL-DCs expresses CD103 at variable levels. 13, 14 CD103 expression can be enhanced by supplementing GM-CSF during the last 2 days of FL-DC culture. 13, 14 However, these CD103
1 DCs develop independent of Batf3. 13, 15 This transcription factor is nevertheless critical for CD8a-like cDC development in vivo. 16 Furthermore, the in vivo role of GM-CSF for CD103 after subcutaneous injection. 17 Around 10 4 DCs populate mouse lymph nodes at steady state, representing about 0.25% of total cells. 18 Taken together, injection of .10 6 DCs is required to replace or significantly supplement resident lymph node DCs, approaching the limit for generating or isolating Batf3-dependent CD103 1 DCs from one mouse with current methods.
We describe a new method for the selective and efficient in vitro generation of Batf3-dependent CD103 1 DCs. This will enable insights into the development, function, and therapeutic potential of this DC subset.
Methods
All animal experiments were performed in accordance with institutional and state guidelines of Lower Saxony. Detailed methods are described in the supplemental material, available on the Blood Web site.
BMDCs
Briefly, BM cells were incubated with GM-CSF (GM-DCs) or FLT3L (FL-DCs) supernatants in RPMI1640 medium with 10% heat-inactivated fetal calf serum (Biochrom, Cambridge, UK), penicillin/streptomycin, and 50 mM b-mercaptoethanol. For iCD103-DCs, BM cells were incubated in 10 mL complete medium with FLT3L combined with GM-CSF for 9 days and subsequently replated with the same combination of cytokines and harvested at days 15 to 16.
Results

Generation of CD103 1 DCs with current methods
First, we investigated CD103 1 DCs using established protocols.
GM-DCs predominantly contain CD11c
1
B220
-cells lacking CD103 expression ( Figure 1A ). Moreover, GM-DCs lack the CD8a-like cDC markers Clec9A and CD8a, but express SIRPa. Notably, GM-DCs weakly express CD24 and CD205, markers of CD8a-like cDCs that can also be expressed by other DC subsets. 10 GM-DCs have been previously reported to resemble monocyte-derived inflammatory DCs. 19 Thus, GM-CSF alone is insufficient for CD103 1 cDC development.
FL-DCs are heterogeneous mixtures of CD11c 1 B220 1 pDCs, which may also include cDC precursors, 20 and CD11c 1 B220 -cDCs ( Figure 1B ). cDCs split into SIRPa 1 CD11b-like cDCs and SIRPa -CD8a-like cDCs ( Figure 1B ). 12 We found variable expression of Clec9A, CD24, and CD103 among cDCs ( Figure 1B ). CD8a is absent and CD205 is only marginally expressed ( Figure 1B) . The discrepant expression of CD8a-like DC markers is further illustrated by co-staining of Clec9A and CD103. Many Clec9A 1 FL-cDCs lack CD103 expression, whereas a second fraction co-expresses both markers ( Figure 1C ). This previously noted variability can be reduced by adding GM-CSF during the last 2 days of culture, which enhances CD103 expression ( Figure 1D ). 14 However, these CD103 1 DCs are Batf3-independent 13, 15 and are still a fraction among several DC subsets ( Figure 1D ). We speculated that d9 FL-DCs contain developmentally immature precursors of CD8a-like cDCs, consistent with the notion that CD103 is expressed late during the ontogeny of this cDC subset.
15
CD103
hi DC development follows delayed kinetics and requires the concerted action of FLT3L and GM-CSF Because GM-CSF was implicated in the homeostasis of CD103 Figure 1E ). The discrimination of pDCs and cDCs by different CD11c expression levels was previously only observed in vivo. 12 Although CD103 hi cDCs emerge in all conditions tested by day 16, the combination of FLT3L and GM-CSF throughout the culture period is necessary for an optimal yield ( Figure 1F ). This is not merely caused by the control of CD103 expression by GM-CSF, because complete co-expression of Clec9A and CD103 was also observed when GM-CSF was omitted at certain time points ( Figure 1F ). Thus, GM-CSF supernatant acts throughout the 16-day culture by promoting the differentiation and/or homeostasis of CD103 hi DCs. The use of recombinant FLT3L and GM-CSF instead of in-house-produced supernatants confirmed the highly biased differentiation of CD103
1 Clec9A 1 cDCs, despite a lower absolute yield (supplemental Figure 1) . We term this novel BMDC protocol induced CD103-DCs (iCD103-DCs), which predominantly gives rise to CD11c hi B220 -CD103 hi cDCs ( Figure 1E -F).
iCD103-DC cultures efficiently and preferentially generate CD8a-like cDCs iCD103-DCs display a high expression of Clec9A, CD24, and CD205, whereas the majority of cells lacks SIRPa (Figure 2A ), indicative of a CD8a-like cDC phenotype. CD8a is not expressed (Figure 2A ), similar to FL-DCs. 12 Co-stainings revealed that iCD103-DCs mainly consist of CD103 (Figure 2C , right; supplemental Figure 1B ). D16 iCD103-DCs tend to cluster into floating cell aggregates, whereas GM-DCs and FL-DCs predominantly form single-cell suspensions, with GM-DCs exhibiting many adherent cells ( Figure 2D and supplemental Figure 1C ). Both GM-DCs and iCD103-DCs have a dendritic morphology, especially upon activation ( Figure 2D ). GM-DCs become highly adherent after activation or prolonged culture (not shown) and contain phagocytic inclusions, whereas activated iCD103-DCs enhance the formation of floating clusters and no inclusions are seen ( Figure 2D ). GM-DCs have a pronounced cytoplasm and polarized nuclei, whereas iCD103-DCs possess less cytoplasm and a more irregular and dendritic morphology ( Figure 2E ). Morphology and CD103 expression were substantiated by confocal microscopy of CpG-activated BMDCs ( Figure 2F ).
DC differentiation is associated with a downregulation of monocyte/ macrophage lineage markers. Because GM-CSF differentiates monocytes in vitro and because FL-DCs seemed developmentally immature, we compared the expression of myeloid markers among the various BMDC types. GM-DCs express high levels of CD115 and CD14, whereas a subpopulation expresses Ly6C, in line with a monocytic relationship ( Figure 2G ). Some Gr-1 1 cells were also detected ( Figure 2G ). Notably, a substantial fraction of FL-cDCs express CD115 and CD14, albeit at lower levels compared with GM-DCs ( Figure 2G ). Ly6C is expressed at low levels and Gr-1 is absent from FL-DCs ( Figure 2G ). The expression of monocytic markers underlines that d9 FL-DCs may not have fully developed into cDCs. Importantly, iCD103-DCs are largely devoid of CD115, CD14, Gr-1, and Ly6C expression, confirming full differentiation into cDCs ( Figure 2G ). CD11b is expressed by all types of BMDCs, which is frequently observed after in vitro culture. 12 We calculated slightly higher CD11b MFI ratios for GM-DCs (54 6 5.9) compared with FL-DCs (26 6 5.2) and iCD103-DCs (23.8 6 4.0) from 4 independent experiments. In summary, iCD103-DC cultures efficiently and preferentially generate developmentally mature CD8a-like cDCs.
hi iCD103-DCs are Batf3/Irf8-dependent and develop independent of monocytes Mouse CD8a/CD103 cDCs develop from pre-DCs in a Batf3-, Id2-, and Irf8-dependent manner, whereas pre-DC-derived CD103 1 CD11b
1 intestinal cDCs develop independent of these transcription factors and resemble CD11b 1 cDCs. 7 Because iCD103-DCs express CD11b, their developmental origin was unclear. Moreover, previous studies suggest that monocytes contribute to CD103 1 DC development. 23, 24 The expression of Batf3 and Id2 is enriched in iCD103-DCs ( Figure 3A ). Irf8 is highly expressed in both FL-DCs and iCD103-DCs compared with GM-DCs ( Figure 3A ), in line with its more upstream role in FLT3L-dependent DC development. In contrast, Irf4 expression, which is required for the development of CD11b 1 cDCs, 25 is not consistently enriched in any BMDC type ( Figure 3A) . Importantly, when BM from Irf8-mutant and Batf3-deficient mice is differentiated into iCD103-DCs, impaired cDC development and the virtual absence of CD103 hi
Clec9A
1 cDCs are noted ( Figure 3B -C). In contrast, GM-DCs develop normally in the absence of Irf8 and Batf3 (data not shown).
We next used LysM-Cre 3 Rosa26-RFP mice to irreversibly label LysM 1 cells (including monocytes and their progeny) by RFP expression. 21 More than 60% of GM-DCs express RFP ( Figure 3D -E), compatible with their development from monocytes. 21, 26 In contrast, cDC and pDC subsets from FL-DC cultures express RFP at a frequency ,20%, which can be attributed to the ;15% targeting of their precursors (MDPs) in LysM-Cre mice. 27 Similarly, only ;10% of both CD11b-like and CD8a-like iCD103-DC subsets express RFP ( Figure 3D -E). Thus, CD103 hi iCD103-DCs develop from pre-cDCs in an Irf8-and Batf3-dependent fashion, independent of monocytes. BLOOD, 13 NOVEMBER 2014 x VOLUME 124, NUMBER 20
For personal use only. on April 14, 2017. by guest www.bloodjournal.org From iCD103-DCs express CD8a/CD103 DC-specific genes and respond to TLR3 stimulation Our data suggest that CD103 hi iCD103-DCs are CD8a-like cDCs. Recent transcriptional network analysis identified a signature of 28 genes specific to or enriched in the CD8a 1 /CD103 1 (CD8a-like) cDC subset, including Tlr3 and Xcr1. 28 Similarly, signatures for CD8
-(CD11b-like) cDCs, pDCs, and macrophages were previously identified. 28, 29 We performed Agilent microarray analysis and calculated the coverage of genes overexpressed more than threefold in CD103 1 vs CD103 -or in CD103 -vs CD103 1 iCD103-DCs within each signature ( Figure 3F and supplemental Table 1 ). Importantly, CD103 1 iCD103-DCs are strongly and selectively enriched in the CD8a-like signature genes including Itgae (CD103), Tlr3, and Xcr1, but not in other signatures ( Figure 3F -H). In contrast, CD103 -iCD103-DCs predominantly express the CD11b-like DC signature, yet also display enrichment in pDC and macrophage genes ( Figure 3F ,H). Similar results were obtained independently using Affymetrix microarrays (data not shown).
We next validated these data by quantitative polymerase chain reaction. Itgae (CD103) and Tlr3 expression is lowest in GM-DCs, moderate in FL-DCs, and highly enriched in iCD103-DCs ( Figure 3I ). Xcr1 is highly overexpressed in FLT3L-dependent DCs, with slight enrichment in iCD103-DCs ( Figure 3I ). TLR3 drives cytokine production upon poly(I:C) stimulation of CD8a-like cDCs. 30, 31 Indeed, poly(I:C) stimulation results in IL-12p40 production by iCD103-DCs but not GM-DCs, whereas both DC types respond to TLR9-dependent CpG stimulation ( Figure 3J ). Based on these analyses we propose that CD103 1 iCD103-DCs share key developmental and functional features with in vivo CD103
1 CD8a-like DCs.
GM-CSF supernatant selectively promotes the differentiation and homeostasis of CD8a-like cDCs
To understand the mechanisms through which GM-CSF supernatant is essential for iCD103-DC development, a detailed kinetics analysis of the precursor-product relationship was performed. DC precursors can be identified in FLT3L cultures as pro-DCs (corresponding to [CDPs] ) and the more downstream preDCs, which may be further subdivided into B220 1 and B220 -subsets. 20, 32, 33 Pro-DCs peak at day 6 of FLT3L culture and decline sharply by day 9 ( Figure 4A, upper panel) . Pre-DCs also accumulate at day 6 but are maintained at high levels until day 9 ( Figure 4A , lower panel). GM-CSF alone is insufficient to expand DC precursors ( Figure 4A) . Furthermore, the combination of FLT3L and GM-CSF (iCD103-DC) has little effect on DC precursor numbers when compared with FL-DC cultures ( Figure 4A ). CD24 hi pre-DCs preferentially develop into CD8a-like cDCs. 34 We speculated that this also holds true for Clec9A, a more specific marker of the CD8a-like cDC lineage, recently shown to be already expressed by DC precursors. 35, 36 Interestingly, pre-DCs start to express Clec9A on day 6 and Clec9A expression peaks on day 9, with about 30% of pre-DCs being Clec9A 1 in both FL-DC and iCD103-DC cultures ( Figure 4B-C) . Thus, by comparing FL-DC and iCD103-DC cultures, GM-CSF has little effect on Clec9A expression ( Figure 4B ) and Clec9A 1 pre-DC numbers ( Figure 4C ).
Hence, Clec9A 1 pre-DCs accumulate at day 9 ( Figure 4C ) when FL-DCs are routinely harvested. 12 This further underlines the immature character of FL-DCs (Figure 1B-C and Figure 2G ). Indeed, a sharp drop in Clec9A 1 pre-DCs occurs from day 9 to day 13 after reculture with DC growth factors ( Figure 4C ). To address whether this is explained by their differentiation into the CD8a-like cDC lineage, we compared DC precursor kinetics to those of the mature DC subpopulations. CD11c 1 B220 1 cells dominate day 6 and day 9 cultures independent of GM-CSF ( Figure 4D ). CD11c 1 B220 -cDCs already split into Clec9A To evaluate proliferation specifically, we carboxyfluorescein succinimidyl ester (CFSE)-labeled FL-DCs and iCD103-DCs on day 9 and compared the CFSE dilution of cDC subsets on day 13. GM-CSF enhanced the CFSE dilution of Clec9A 1 DCs in iCD103-DC cultures when compared with cells cultured with FLT3L alone (Figure 4H; iCD103→iCD103) . This was mainly mediated by the late action of GM-CSF from day 9, because enhanced CFSE dilution of Clec9A 1 cDCs was also observed when GM-CSF was initially absent on day 0, but not in the reciprocal experiment ( Figure 4H ; FL→iCD103 and iCD103→FL). Notably, this effect is selective for Clec9A 1 cDCs because the kinetics of pDC numbers is not altered by GM-CSF ( Figure 4E , lower graph). Moreover, CFSE dilution of SIRPa 1 cDCs within the same cultures is not enhanced by GM-CSF ( Figure 4H ). In summary, GM-CSF supernatant acts by promoting the differentiation and homeostasis of CD8a-like cDCs after day 9 of FLT3L culture, but also has early effects on DC precursors without markedly affecting their numbers.
iCD103-DCs cross-present cell-associated antigens
CD8a-like cDCs efficiently cross-present cell-associated antigens. 8, 9, 37 Antigen uptake represents an important factor that can modulate antigen presentation. CD103 1 DCs take up antigens less efficiently than CD103 -DCs. 38 Consistently, .50% of GM-DCs incorporate high levels of ovalbumin (OVA), compared with ,10% of FL-DCs and iCD103-DCs ( Figure 5A ).
We next compared the capacity of fluorescence-activated cell (FACS)-sorted iCD103-DCs, GM-DCs, and lung DC subsets to cross-present cell-associated antigen. Lung CD103
1 DCs efficiently induce OTI T-cell proliferation in contrast to lung CD11b 1 DCs ( Figure 5B ), as expected. 37 Notably, iCD103-DCs and GM-DCs also cross-present cell-associated OVA, albeit with slightly reduced efficiency compared with lung CD103
1 DCs ( Figure 5B ). Crosspresentation was proposed to be promoted by GM-CSF or toll-like receptor (TLR) signaling. 30, 39 Conversely, tumor cells can inhibit DC functions and render them tolerogenic. 40, 41 We established a cross-presentation assay of irradiated B16-OVA melanoma cells. Neither BMDCs nor CD103 1 lung DCs are able to induce OTI T-cell proliferation under noninflammatory conditions in this assay (data not shown). However, using CpG as an inflammatory TLR9 stimulus, 42 iCD103-DCs potently cross-present melanomaderived antigen at even slightly higher efficiency when compared with lung CD103
1 DCs (Figure 5C-D) . Thus, iCD103-DCs can efficiently cross-present cell-associated antigens.
iCD103-DCs are not inherently tolerogenic
The maturation status of DCs can influence their effector functions. GM-DCs have slightly higher levels of MHC class I, CD86, and CD40 at steady state compared with iCD103-DCs ( Figure 6A ). In addition, iCD103-cDCs are mainly MHC-class-II int , whereas GM-DCs contain a higher proportion of both MHC-class-II hi and MHC-class-II low DCs ( Figure 6A ). In contrast, FL-cDCs display higher levels of MHC-class-I and MHC-class-II molecules than do GM-DCs, yet low levels of co-stimulatory molecules ( Figure 6A ). Upon CpG activation, all BMDCs upregulate the maturation markers tested ( Figure 6A ).
Intestinal CD103 1 DCs and splenic CD8a 1 DCs induce Foxp3 For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From and retinoic acid (RA). 43, 44 Moreover, given that iCD103-DCs are slightly less mature than GM-DCs, we next compared their tolerogenic properties. Interestingly, all types of BMDCs lack the ability to induce Figure 6A ). Aldh1a2, encoding the enzyme necessary for RA production in DCs, 43 was expressed at much lower levels in iCD103-DCs and FL-DCs compared with GM-DCs ( Figure 6D ), potentially explaining why FL-DCs exhibit stronger Foxp3
1 Treg induction after exogenous RA supplementation. Thus, the ability to induce Foxp3 1 Tregs is acquired independent of the development of CD103 1 DCs.
Finally, we assessed whether iCD103-DCs induce T-cell tolerance in vivo. Interestingly, the adoptive transfer of OVA 257-264 -pulsed BMDCs does not result in CD8
1 T-cell tolerance, but rather enhances the OVA-specific immune response against OVA-expressing Listeria monocytogenes (LmOVA; Figure 6E-F) . Thus, iCD103-DCs do not have inherent tolerogenic properties but rather promote adaptive immunity.
Mature iCD103-DCs express high levels of CCR7 and induce protective T-cell immunity in vivo
We next tested matured iCD103-DCs in vaccination experiments. An important requirement for successful DC vaccines is their efficient migration to draining lymph nodes after subcutaneous application. Lymph node homing is controlled by CCR7 expression on migrating DCs. 45 Unstimulated BMDCs are largely devoid of CCR7 expression, yet this receptor is slightly upregulated on GM-DCs after stimulation with CpG or inactivated pathogens ( Figure 7A, upper panel) . In contrast, virtually all CpG-and Listeria-activated iCD103-DCs express high levels of CCR7, and CCR7 is also upregulated after Mycobacterium bovis bacillus Calmette-Guérin (BCG) stimulation ( Figure 7A, lower panel) . GM-DCs and iCD103-DCs were differentially labeled, mixed, and injected together with CpG into the footpad. iCD103-DCs more efficiently reach the draining LN 2 days after injection compared with GM-DCs ( Figure 7B-C) , consistent with higher CCR7 expression.
We next assessed whether iCD103-DC vaccination is sufficient to induce protective T-cell immunity. Restimulation of blood leukocytes confirms that OVA 257-264 -specific CD8
1 T-cell responses are mounted after GM-DC and iCD103-DC vaccination, but not after splenocyte vaccination ( Figure 7D ). Eight days after vaccination, mice were challenged intravenously with a lethal dose of Lm-OVA. Untreated and splenocyte-vaccinated mice exhibited a high bacterial burden ( Figure 7E ). In contrast, vaccination of mice with iCD103-DCs or GM-DCs effectively controlled the lethal Lm-OVA dose ( Figure 7E ). We next vaccinated mice with M bovis BCGpulsed iCD103-DCs to investigate whether iCD103-DCs also elicit immunity against a natural pathogen-derived antigen. Indeed, an Ag85B-specific T-cell response was elicited after iCD103-DC vaccination ( Figure 7F-G) . These results collectively demonstrate that iCD103-DCs are functional in vivo and induce T-cell immunity. 
Discussion
Here we describe a novel BMDC protocol, termed iCD103-DC. From one mouse, 30 to 50 million CD103 1 iCD103-DCs can be easily obtained, compared with ,0.5 million CD103 1 DCs that must be isolated with much effort from tissues by digestion and cell sorting. Because iCD103-DCs preferentially are CD103 1 cDCs, even unseparated cultures can be useful for many experimental questions. In contrast, short-term FL-DC cultures generate all FLT3L-dependent DC subsets simultaneously. This is advantageous when pDCs or CD11b-like cDCs are the subject of investigation, yet it necessitates subset isolation with a very low yield of CD103 1 DCs.
It is controversial whether GM-CSF is required for CD103 1 DC development in vivo, because this cytokine was shown to control CD103 expression. [13] [14] [15] Furthermore, the putative effects of GM-CSF on the development, survival, or migration of CD103
1 DCs were previously difficult to distinguish. Using 15-to 16-day iCD103-DC cultures, where migration can be excluded, and by using detailed kinetics analysis of the precursor/product relationship, we established that GM-CSF supernatant is essential for the efficient generation of CD103 1 DCs along with FLT3L supernatant. This is independent of the mere regulation of CD103 expression, because concomitant staining for SIRPa and Clec9A allows for the faithful identification of CD8a-like cDCs. Moreover, prolonging GM-DC (data not shown) or FL-DC culture ( Figure 1E-F and Figure 4F -G) to days 15 to 16 fails to efficiently induce CD8a-like cDCs. Conversely, omission of GM-CSF at either day 0 or day 9 of the iCD103-DC method lowers the yield of CD8a-like cDCs. Thus, CD103 1 DC development is not just a matter of kinetics of established methods. Instead, we found that GM-CSF supernatant selectively promotes CD8a-like cDC development via a dual mechanism throughout the culture period, as is further described next. First, the early presence of GM-CSF was necessary for the optimal development of CD103
1 DCs at later time points. Indeed,
CDPs are known to express Csf2ra mRNA at levels comparable with Second, we showed that GM-CSF was specifically essential to promote the proliferation and persistence of CD11c hi
Clec9A
1 cDCs during the second differentiation step. Given that the numbers of Clec9A 1 DC precursors peak at day 9 and sharply drop by day 13, this is likely explained by their terminal differentiation into the CD8a-like cDC lineage. Our results are in agreement with the strong reduction of nonlymphoid tissue CD8a-like cDCs in the absence of GM-CSF signaling that has been attributed in part to defective survival. 22 Our finding that CD11c hi cDC development requires prolonged culture could resolve a previous discrepancy between lymphoid organs and FL-DC cultures: in the latter, CD11c expression among pDCs and cDCs is identically intermediate, whereas in lymphoid organs 12 and iCD103-DC cultures, high CD11c expression discriminates cDCs from the few emerging pDCs ( Figure 1E , Figure 4D , and supplemental Figure 1A) .
The human counterpart to mouse CD8a-like DCs are the CD141 1 CLEC9A 1 DCs. 5, 6 Notably, human CD8a-like DCs can be generated from CD34
1 stem cells, 6 ,47 yet the efficiency and purity is low compared with the mouse iCD103-DC protocol. However, it can be noted that the reported method is also 2-step-based, similar to iCD103-DCs, including an expansion of DC precursors and their differentiation. 6 Thus, CD8a-like DC differentiation being a late event 6, 14, 15 seems to be conserved between mice and humans. In addition, FLT3L and GM-CSF were shown to be essential for human CD8a-like DC differentiation, 6 as we describe here for mouse CD103 1 DCs. Furthermore, the human counterparts of iCD103-DCs were rather immature regarding CD40 and CCR7 expression, a finding that we also confirmed. However, this does not translate directly to tolerogenic DC functions: iCD103-DCs were poorly phagocytic, lacked the abilities to endogenously produce retinoic or to generate Foxp3 1 Tregs, and also did not induce tolerance in vivo. In contrast,
antibody-mediated antigen targeting to steady state CD103 1 DCs in vivo promotes tolerance in the absence of adjuvants. 48 Thus, tolerogenic functions can be acquired independent of DC development and maturation. Several factors that imprint tolerogenic activities in DCs have been recently identified (reviewed in Mayer et al 2 ). The iCD103-DC culture, apparently devoid of such factors, might be a powerful tool in exploring DC tolerogenicity.
Maturation and migratory behavior of iCD103-DCs can, however, be readily induced by TLR-mediated activation. Matured iCD103-DCs express higher levels of CCR7 and migrate more efficiently to draining lymph nodes when compared with GM-DCs after subcutaneous injection. Given the marked difference in CCR7 expression, it is surprising that the migratory activity of iCD103-DCs is not more pronounced. However, it is possible that the migratory activity is counter-regulated. For example, CD103/b7 binds E-cadherin on epithelial cells and is critical for the retention of CD103 1 cells at peripheral tissues. 49 Because iCD103-DCs express high levels of CD103 in contrast to GM-DCs, they may be preferentially trapped after subcutaneous injection. However, CD103 can be downregulated by anti-CD40 stimulation. 50 Thus, the right combination of maturation signals and different application routes could potentially further enhance the migratory activity of iCD103-DCs compared with classic GM-DCs.
There are also some differences between the human and the mouse culture settings. For example, IL-4 was essential in the human protocol for the development of CD8a-like DCs. 6 Thus, human CD141
1 CLEC9A 1 DC differentiation may on rely on additional or distinct factors than the corresponding mouse DC subset. Conversely, we could not formally rule out a contribution of endogenous IL-4 in iCD103-DC cultures. We found that recombinant FLT3L and GM-CSF are sufficient to replicate the highly biased differentiation of CD103 1 DCs, yet in-house-produced supernatants yielded higher cell numbers and are thus the currently favored protocol (supplemental Figure 1 ). This could relate to different biological properties of the recombinant cytokines or to accessory factors in the FLT3L/ GM-CSF supernatants that might increase CD103 1 DC numbers by regulating the proliferation or survival of DCs or their precursors. Future investigation of these interesting aspects will be useful for the further optimization of protocols generating human DC subsets. In summary, we describe a simple BMDC culture method combining GM-CSF and FLT3L supernatants to generate large numbers of CD103
1 DCs that resemble tissue CD8a-like cDCs.
iCD103-DC cultures open many future possibilities for studying CD103 1 DC development and function.
